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ABSTRACT
Aqueous film-forming foams (AFFFs) have been used to fight hydrocarbon fuel fires and
for firefighter training at a number of U.S. military sites. As a result, soils, aquifer materi-
als, and groundwater near these firefighter training sites can be contaminated with a broad
suite of poly- and perfluorinated substances (PFASs), including many perfluoroalkyl acids
(PFAAs). Though plumes resulting from such activities are well documented, the extent to
which surface soils can serve as long term sources of both PFAAs and PFASs remains unclear.
To this end, 14 day infinite sink batch desorption experiments were conducted to measure the
desorption behavior of PFAAs and PFAA precursors using four field-contaminated surface
soils and two subsurface aquifer materials collected at two AFFF-impacted sites. The des-
orption of precursors to eight different perfluorocarboxylates (PFCAs) from these materials
was measured through use of the recently-developed total oxidizable precursor (TOP) assay.
PFAA and PFAA precursor desorption data were modeled using either a two-compartment
or a one-compartment kinetic model. PFCAs and perfluorosulfonates (PFSAs) showed sim-
ilar desorption rates for equivalent perfluorinated carbon chain lengths, and both showed
decreasing desorption rates with increasing perfluorinated chain length. PFAA precursors
desorbed more slowly than PFAAs from the contaminated materials; all PFAAs could be
modeled with a single fast desorbing compartment while many PFAA precursors required an
additional, slower compartment containing up to 96% of precursor mass with desorption rate
constants 3 to 15 times smaller than in the fast desorbing compartment. PFAAs had larger
fast desorption rate constants than PFAA precursors with average values of 2.27 and 1.65
(day-1), respectively. Noteable differences in desorption rate were also observed between the
six sediment samples. Despite slower desorption rates, PFAA precursors may still constitute
a significant portion of potentially mobile PFASs at sites impacted by AFFF use.
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Poly- and perfluoroalkyl substances (PFASs) are artificial fluorinated compounds whose
fate in the environment is an emerging field of study. PFASs include perfluoroalkyl acids
(PFAAs) as well as precursors which can be converted into PFAAs in the environment (Dasu
et al., 2012; Murakami et al., 2013; Taniyasu et al., 2013). Well-studied PFAAs include per-
fluorooctane sulfonate (PFOS), a perfluoroalkyl sulfonic acid (PFSA), and perfluorooctanoic
acid (PFOA), a perfluoroalkyl carboxylate (PFCA), but PFOS and PFOA are just two of a
wide range of compounds that have been produced (Backe et al., 2013; Place & Field, 2012).
Used as surfactant molecules, PFASs contain perfluorinated carbon chains with one or more
charged functional groups at the end of the chain (Ahrens, 2011). The high strength of the
carbon-fluorine bonds in the perfluorinated portion of the molecule means that PFASs are
exceptionally resistant to degradation and as a result they persist in the environment for
long periods of time (Prevedouros et al., 2006). PFASs are utilized directly in, or in the
production of, a range of products including lubricants, non-stick coatings, stain repellent
carpet and fabric treatments, paper products, and fire-fighting foams (Moody & Field, 2000;
Moody et al., 2003). PFAS manufacturing continues in 2014, principally in China, but has
decreased significantly in the United States following a production phase-out in 2002 by the
largest producer at the time, 3M (3M, 2014; Johansson et al., 2014; Prevedouros et al., 2006).
PFAAs have been measured throughout the environment; high concentrations have been
detected in surface water and groundwater (Schultz et al., 2004; Suja et al., 2009), municipal
wastewater effluent (Loganathan et al., 2007), soils (Sepulvado et al., 2011), and the atmo-
sphere (Prevedouros et al., 2006). These compounds are bioavailable to plant and animal
life, and biooaccumulation of PFAAs has been observed in both aquatic (Valsecchi et al.,
2013) and terrestrial food chains (Müller et al., 2011). Humans consume PFAAs through
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drinking water and food, especially fish and red meat (EFSA, 2008; van Asselt et al., 2011),
raising concern about how these chemicals persist in and affect the human body.
PFAAs and PFAA precursors (i.e., PFASs that are not PFAAs) have been measured in
human tissue and blood (Grandjean et al., 2012; Nicole, 2013; Nilsson et al., 2013; Suja et al.,
2009; Yeung et al., 2013). Health effects observed in human trials include a reduced immune
response in children with elevated levels of PFOS and PFOA in their blood serum (Grandjean
et al., 2012). Links between high blood serum PFOA levels and cancer, ulcerative colitis, and
thyroid disease have also been demonstrated (Nicole, 2013). Further, while human studies
are sparse, animal studies in mice, rats, and monkeys have shown that PFAAs, specifically
PFOS and PFOA in most investigations, accumulate in animal liver tissue and once there can
lead to carcinogenesis and inhibition of lipid metabolism (EFSA, 2008). The acute toxicity
of PFOS has been studied in primates and “significant adverse effects,” including mortality,
were observed at dosage levels of 0.75 ng/kg/day (Seacat et al., 2002). Considering the PFOS
concentrations measured in tap water (Suja et al., 2009) and food (van Asselt et al., 2011),
it is very unlikely that humans will be exposed to levels this high through environmental
pathways away from highly contaminated sites.
Aqueous film-forming foams (AFFFs) are a major source of PFAA and PFAA precursor
contamination in the United States, particularly at Air Force bases (AFBs) (Backe et al.,
2013; McGuire, 2013; Moody et al., 2003; Moody & Field, 1999; Schultz et al., 2004). AFFFs
are mixtures of surfactant molecules such as PFASs and solvents that were developed in the
1960s for use in extinguishing hydrocarbon fires (Moody & Field, 2000; Tuve & Jablonski,
1966). The foams work by creating a film over burning hydrocarbons, quenching combustion
and preventing vaporization of the fuel (Tuve & Jablonski, 1966). AFFFs have been used
by the Department of Defense (DoD) to extinguish hydrocarbon fires at a number of sites
across the country; firefighter training areas were built at several Air Force bases, and once
constructed, used regularly in firefighting training exercises. After training exercises AFFF
wastewater was generally dumped onto the ground in and around the firefighter training area
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without any treatment, and because the training areas were built without impermeable liners,
this led to contamination of sediments and groundwater with PFAAs and PFAA precursors
(Backe et al., 2013; McGuire, 2013; Moody et al., 2003; Moody & Field, 1999; Schultz et al.,
2004). These sites have high concentrations of PFAAs. For example, at Ellsworth AFB,
PFOA and PFOS groundwater concentrations were measured as high as 295 µg/L and 74.9
µg/L, respectively. These values greatly exceed the Environmental Protection Agency’s
(EPA) provisional health advisory levels of 0.4 µg/L and 0.2µg/L for PFOA and PFOS in
drinking water, respectively (U.S. EPA, 2012).
Problematically, the formulations of AFFFs are proprietary and their exact compositions
are difficult to determine; AFFF formulations have been shown contain a broad suite of
PFASs which vary significantly in makeup between manufacturers, formulations, and AFFF
production year (D’Agostino & Mabury, 2014; Place & Field, 2012). Additionally, AFFF
components can undergo natural transformations in the environment which results in prod-
ucts which cannot be necessarily identified (Backe et al., 2013; Dasu et al., 2012; Dinglasan
et al., 2004; Plumlee et al., 2009; Rhoads et al., 2008; Wang et al., 2009). Attempts to use
chemical-specific measurements to quantify the total fluorochemical load at a contaminated
site often fail to fully capture everything present (Houtz et al., 2013) but a recently developed
assay (Houtz & Sedlak, 2012) utilizes oxidation to convert many AFFF derived PFASs into
measurable PFAAs. This technique allows one to easily quantify these PFAA precursors,
although information about the exact chemical composition of the precursors is lost in the
oxidation process.
The sorption and transport potential of PFAAs has been studied with batch and column
experiments (Ferrey et al., 2012; Gellrich et al., 2012; Guelfo, 2013; Higgins & Luthy, 2006;
Johnson et al., 2007; Murakami et al., 2009; Tang et al., 2010; You et al., 2010) as well as in
field studies which show that PFAAs can be leached from contaminated surface soils (Sepul-
vado et al., 2011; Washington et al., 2010). These studies have shown that the transport
potential of PFAAs is strongly dependent on the length of the compound’s perfluorinated
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carbon chain and the organic carbon content of the soil. To the best of our knowledge, no
studies have focused on the desorption and mobility of PFAAs and/or PFAA precursors from
AFFF-contaminated field materials. As hysteresis has been observed in the adsorption and
desorption of organic molecules to and from natural sediments (Kan et al., 1994; Miller &
Pedit, 1992; Weber Jr. et al., 1998), it is necessary to devote studies specifically to measuring
the desorption of organic molecules.
The objective of this study was to use batch experiments to measure and compare des-
orption of PFAAs and PFAA precursors from field materials contaminated by AFFF. The
infinite sink approach, in which the aqueous phase is regularly analyzed and replenished with
clean aqueous phase, was used to quantify the desorption of AFFF-derived compounds and
examine the relative mobility of PFAAs and PFAA precursors (as measured by the total
oxidizable precursor (TOP) assay). Kinetic modeling of desorption data provided insight
into the mobility of PFAA precursors relative to PFAAs and other organic contaminants.
Because of the widespread use of AFFF and resulting contamination of environmental me-
dia (Awad et al., 2011; Kärrman et al., 2011; Moody et al., 2003; Moody & Field, 1999),
developing an accurate understanding of the mobility of PFAAs and PFAA precursors in
environmental materials is needed to ascertain the potential for contaminated soils to serve
as long term sources of PFAAs and PFAA precursors to groundwater.
The second chapter of this thesis contains the results of the study described above, and
the final chapter is a summary of findings and recommendations for future research. The
second chapter will be submitted for publication.
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CHAPTER 2
DESORPTIVE BEHAVIOR OF PERFLUOROALKYL ACIDS AND
PERFLUOROALKYL ACID PRECURSORS FROM AQUEOUS FILM-FORMING
FOAM IMPACTED SOILS AND AQUIFER MATERIALS
Aqueous film-forming foams (AFFFs) have been used to fight hydrocarbon fuel fires and
for firefighter training at a number of U.S. military sites. As a result, soils, aquifer materi-
als, and groundwater near these firefighter training sites can be contaminated with a broad
suite of poly- and perfluorinated substances (PFASs), including many perfluoroalkyl acids
(PFAAs). Though plumes resulting from such activities are well documented, the extent to
which surface soils can serve as long term sources of both PFAAs and PFASs remains unclear.
To this end, 14 day infinite sink batch desorption experiments were conducted to measure the
desorption behavior of PFAAs and PFAA precursors using four field-contaminated surface
soils and two subsurface aquifer materials collected at two AFFF-impacted sites. The des-
orption of precursors to eight different perfluorocarboxylates (PFCAs) from these materials
was measured through use of the recently-developed total oxidizable precursor (TOP) assay.
PFAA and PFAA precursor desorption data were modeled using either a two-compartment
or a one-compartment kinetic model. PFCAs and perfluorosulfonates (PFSAs) showed sim-
ilar desorption rates for equivalent perfluorinated carbon chain lengths, and both showed
decreasing desorption rates with increasing perfluorinated chain length. PFAA precursors
desorbed more slowly than PFAAs from the contaminated materials; all PFAAs could be
modeled with a single fast desorbing compartment while many PFAA precursors required an
additional, slower compartment containing up to 96% of precursor mass with desorption rate
constants 3 to 15 times smaller than in the fast desorbing compartment. PFAAs had larger
fast desorption rate constants than PFAA precursors with average values of 2.27 and 1.65
(day-1), respectively. Noteable differences in desorption rate were also observed between the
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six sediment samples. Despite slower desorption rates, PFAA precursors may still constitute
a significant portion of potentially mobile PFASs at sites impacted by AFFF use.
2.1 Introduction
Aqueous film-forming foams (AFFFs) have been used to extinguish hydrocarbon fires by
the Department of Defense (DoD) at a number of sites across the country and are known to
contaminate soils, groundwater, and aquifer solids with perfluoroalkyl acids (PFAAs) and
precursors to PFAAs at these locations (Backe et al., 2013; McGuire, 2013; Moody & Field,
2000; Moody et al., 2003; Schultz et al., 2004). These sites have high concentrations of
PFAAs, for example at Ellsworth Air Force Base (AFB) PFOA and PFOS groundwater con-
centrations were measured as high as 295 µg/L and 74.9 µg/L, respectively (McGuire, 2013).
These values greatly exceed the provisional health advisory levels of 0.4 µg/L and 0.2 µg/L for
PFOA and PFOS, respectively (U.S. EPA, 2012), indicating a need to understand the sources
of these PFAAs and their rates of release to the subsurface. In-depth analyses indicate that
AFFF formulations contain a broad suite of chemicals which vary significantly in composition
between manufacturers, formulations, and AFFF production year (D’Agostino & Mabury,
2014; Place & Field, 2012). Additionally, once released to the environment, AFFF compo-
nents can undergo natural transformations that result in products which cannot necessarily
be readily identified (Backe et al., 2013; Dasu et al., 2012; Dinglasan et al., 2004; Plumlee
et al., 2009; Rhoads et al., 2008; Wang et al., 2009). Uncertainty in regards to chemical com-
position, coupled with the lack of available standards for many AFFF constituents, means
that while it is possible to quantify a portion of the fluorochemicals in AFFF-contaminated
samples, it can be difficult to fully characterize AFFF formulations as well as formulations
that have undergone changes in the environment due to degradation. Even when a broad
suite of fluorochemicals (such as PFAAs and their presumed AFFF-derived precursors) are
specifically measured, further analyses indicate these chemical-specific measurements often
fail to fully capture the total fluorochemical load (Houtz et al., 2013).
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Fluorinated compounds in AFFF typically include perfluorinated chains of 3 to 10 car-
bons attached to non-fluorinated organic structures. The non-fluorinated portions of the
molecules vary widely in structure but generally contain charged functional groups such
as carboxylic acids, sulfonic acids, and amines (Place & Field, 2012). For many of these
compounds, the non-fluorinated part of the molecule can be transformed in biotic or abi-
otic reactions which, through a number of intermediate steps, ultimately produce perfluoro-
carboxylates (PFCAs) and perfluorosulfonates (PFSAs) (Dinglasan et al., 2004; Murakami
et al., 2013; Nguyen et al., 2013; Plumlee et al., 2009; Rhoads et al., 2008; Schultz et al.,
2004; Taniyasu et al., 2013; Wang et al., 2011). In natural systems, this conversion may be
incomplete: some 20 years after cessation of AFFF-release at the Ellsworth AFB firefighter
training area, high concentrations of PFAA precursors were measured (Houtz et al., 2013).
Increasing concerns about the health effects of these compounds (Rosenmai et al., 2013)
make their environmental fate an important area of research; both PFAAs and PFAA pre-
cursors have been found in human blood samples, (Lee & Mabury, 2011; Yeung et al., 2013)
and transformations of precursors have been observed in the human body (Nilsson et al.,
2013).
The sorption and transport potential of PFAAs has been studied with batch and column
experiments which show that these compounds are capable of subsurface transport (Ferrey
et al., 2012; Gellrich et al., 2012; Guelfo & Higgins, 2013; Higgins & Luthy, 2006; Johnson
et al., 2007; Murakami et al., 2009; Tang et al., 2010; You et al., 2010, 2006). Additionally,
field studies have shown that PFAAs can be leached from contaminated surface soils into
deeper sediment layers (Sepulvado et al., 2011; Washington et al., 2010), with the trans-
port potential of PFAAs strongly dependent on the compound’s perfluorinated carbon chain
length and the organic carbon content of the soil. Evidence also suggests that equilibrium
models are not sufficient to describe PFAA transport (Guelfo, 2013; Lee et al., 2002), pos-
sibly due to hysteresis effects in sorption and desorption to natural organic matter (NOM)
(Pignatello, 2012). To the best of our knowledge, no studies have focused on the desorption
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and mobility of PFAAs and/or PFAA precursors from AFFF-contaminated field materials,
though studies at field contaminated sites have measured precursor compounds in surface
soils as well as in aquifer solids and groundwater, implying that PFAAs and PFAA pre-
cursors are mobile (Houtz et al., 2013; McGuire, 2013; Moody et al., 2003; Schultz et al.,
2004). Hysteresis has been observed in the adsorption and desorption or organic molecules
to natural sediments (Kan et al., 1994; Miller & Pedit, 1992; Weber Jr. et al., 1998) which
necessitates studies to specifically measure desorption of organic contaminants.
The objective of this study was to use batch experiments to measure and compare des-
orption of PFAAs and PFAA precursors from field materials contaminated by AFFF. The
infinite sink approach, in which the aqueous phase is regularly analyzed and replenished with
clean aqueous phase, was used to quantify the desorption of AFFF-derived compounds and
examine the relative mobility of PFAAs and PFAA precursors (as measured by the total ox-
idizable precursor (TOP) assay). Kinetic modeling of desorption data provided insight into
the mobility of PFAA precursors relative to PFAAs and other organic contaminants. Because
of the widespread use of AFFF and resulting contamination of environmental media (Awad
et al., 2011; Kärrman et al., 2011; Moody et al., 2003; Moody & Field, 1999), developing
an accurate understanding of the mobility of PFAAs and PFAA precursors in environmental
materials is needed to ascertain the potential for contaminated soils and aquifer solids to
serve as long term sources of PFAAs and PFAA precursors to groundwater.
2.2 Materials and Methods
The following section provides information on the samples analyzed and the experimental
and modeling methods used.
2.2.1 Materials
Standards of PFCAs and PFSAs, as well as stable-isotope surrogate standards of PFCAs
and PFSAs, were purchased from Wellington Laboratories and prepared in 70/30 (v/v)
methanol/aqueous ammonium hydroxide (0.01%) solutions. Other reagent grade chemicals
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and solvents were purchased from Sigma-Aldrich or Fisher Scientific. Perfluorocarboxylates,
CF3 [CF2]x CO
−
2 , studied were PFBA (x=2), PFPeA (x=3), PFHxA (x=4), PFHpA (x=5),
PFOA (x=6), PFNA (x=7), and PFDA (x=8). Perfluoroalkylsulfonates, CF3 [CF2]x SO
−
3 ,
studied were PFBS (x=3), PFHxS (x=5), PFOS (x=7). Isotope standards for all compounds
excluding PFBS were available and employed; PFHxS was used as the mass labeled internal
standard for PFBS analysis.
Soil and aquifer solid samples were collected from Ellsworth AFB (South Dakota, USA)
in October 2011 and August 2012 (McGuire, 2013). A site map is provided in Appendix A,
Figure A.1. Samples were homogenized on site and stored in methanol rinsed high-density
polyethylene (HDPE) bottles. Solid samples were refrigerated until analysis and were sieved
to less than 2 mm before use. Three surface soils (Samples A, B, and C) and two aquifer
sediments (Samples D and E) from Ellsworth AFB were used in this study; they were
selected to represent a range of distances from the source of contamination. Surface soils
were collected 0.2 - 0.3 m bgs, aquifer sediment were collected at the water table 3.5 -
6.0 m bgs. Additional information on the extent of PFAS contamination in soil, aquifer
material, and groundwater at Ellsworth AFB can be found elsewhere (Houtz et al., 2013;
McGuire, 2013). A sixth soil sample (Sample F) was collected as a composite sample during
an excavation of a fire fighter training area at Scott AFB (Illinois, USA). This sample was
notable for the presence of hydrocarbon co-contaminants which were observed visually during
methanolic extractions and desorption experiments.
2.2.2 Soil and Aquifer Solid Characterization
Sample total organic carbon (TOC) was measured at CB&I (Lawrenceville, NJ) using
EPA method 9060A, values are averages of 23 or more analyses, reported on a dry weight
basis. Sample pH was measured in a 1:2 soil:0.01 M CaCl2 suspension (Miller & Kissel,
2010; Staff, 1999). Organic carbon and pH results are reported in Table 2.1. Composite
aliquots of supernatant from the first 23 hours of the desorption experiment were preserved
with HNO3 and analyzed for metal concentrations via ICP-AES.
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Table 2.1: Summary of Sample Characteristics.
% Increase in
Sample Source TOCa pHb Sample Weightc
A Ellsworth AFB Surface 1.61% 7.42 225%
B Ellsworth AFB Surface 2.97% 7.46 184%
C Ellsworth AFB Surface 0.48% 7.79 274%
D Ellsworth AFB Subsurface 0.69% 7.94 245%
E Ellsworth AFB Subsurface 1.73% 7.98 167%
F Scott AFB Composite 9.80% 7.94 120%
aCB&I. b,cSee text
Due to limited quantities of some samples, sediment texture analysis could only be con-
ducted on Sample A (Sand, 35%; Silt, 22%; Clay, 43% (Agvise Laboratories, hydrometer
method)). It was possible, however, to qualitatively assess the clay content of the solids based
on the amount of swelling that was observed over 14 days of exposure to aqueous phase. The
mass of the sample after 14 days was compared to the initial sample mass measured at the
beginning of the experiment. The increase in sample weight, reported in Table 2.1 as %
increase in sample weight, can be used as a proxy measurement for clay content, allowing
for relative comparisons between the studied solids as the swelling potential of a solid is cor-
related with clay content (Nayak & Christensen, 1971). This method is inherently limited
to qualitative analysis as it ignored variations in swelling potential between different clay
minerals (White & Pichler, 1959).
2.2.3 Solids Extraction
Extraction of PFAAs and PFAA precursors from contaminated soils and aquifer solids
followed previously published procedures (Sepulvado et al., 2011). The solid phase was
extracted with 99:1 (v/v) methanol/ammonium hydroxide as the extraction solvent and
three rounds of extraction were performed to ensure complete removal of perfluorinated
compounds. PFCA precursor analysis required that solids extracts be prepared as aqueous
samples. After an ENVI-CARB cleanup step methanolic extracts were amended with 75 L
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ammonium hydroxide (to ensure consistently high pH and minimize PFAS volatilization),
evaporated to dryness, and then re-suspended in water. The ENVI-CARB cleanup does
not remove PFAAs or PFCA precursors (Houtz et al., 2013; Sepulvado et al., 2011), and
three rounds of extraction have been found to be sufficient for complete PFAA and PFAA
precursor extraction (Houtz et al., 2013).
2.2.4 Batch Desorption Experiments
Batch desorption experiments were prepared in triplicate in 50 mL polypropylene tubes.
A 50 mL aliquot of uncontaminated artificial groundwater (AGW; composition provided in
Table A.1) was combined with 1 to 5 g of soil or aquifer solids, depending on the concen-
trations of PFCAs and PFSAs. Desorption reactors were agitated on a shaker table for 23
hours then removed and centrifuged at 1860 g for 30 minutes. An aliquot of the aqueous
phase was collected and frozen for later analysis and all remaining water was removed and
discarded. Fresh AGW was then added to the reactor. The experiments continued for 14
days, thereby exposing soil and aquifer solid samples to approximately 0.7 L of clean AGW
over two weeks. After the final aqueous sample was collected, the remaining material was
extracted using the method described above to recover any compounds which did not desorb
into the aqueous phase.
The volume of aqueous phase removed each day was carefully tracked via gravimetric
measurements to ensure that masses of PFAAs desorbed could be determined. The mass of
water removed showed slight variability over the course of the experiments due to swelling
in the samples but day to day variability rarely exceeded 1%.
2.2.5 PFCA Precursor Oxidation
Oxidative conversion of PFAA precursors into PFCAs occurs by reaction with hydroxyl
radicals (OH) which can be produced by thermolysis of persulfate (S2O
2−
8 ) at pH greater
than 12 (Houtz & Sedlak, 2012). Following the method established by Houtz et al. (2012;
2013), reconstituted (aqueous) soil or aquifer solids extracts and desorption time course aque-
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ous supernatant samples were amended with concentrated solutions of potassium persulfate
and sodium hydroxide to achieve initial reaction conditions of 150 mM sodium hydroxide
and 60 mM potassium persulfate. Samples were heated for six to twelve hours at 85C de-
pending on the sample type. These reaction conditions have been shown to lead to complete
conversion of PFAA precursors to PFCAs (Houtz & Sedlak, 2012). After heating, samples
were cooled to room temperature and neutralized with concentrated HCl to a pH between 4
and 10, then diluted with methanol to a 50:50 (v/v) water:methanol ratio and refrigerated
until analysis. Before analysis, samples were centrifuged to remove precipitated salts.
2.2.6 Analytical Methods
Samples were analyzed in a 75:25 (v/v) water:methanol mixture. Aqueous samples were
further diluted 10% with a 70:30 (v/v) methanol:water aliquot containing surrogate stan-
dards. Surrogate standards were added to solid sampels prior to the extraction process. All
samples were analyzed on a MDS Sciex Applied Biosystems 3200 mass spectrometer (MDS
Sciex, Ontario) using liquid chromatography tandem mass spectrometry (LC-MS/MS) by
methods similar to those described previously (Higgins & Luthy, 2006; Higgins et al., 2005).
A 50 mm x 4.6 mm Gemini C18 column was used for the LC, eluents used for LC were aque-
ous ammonium acetate (10mM) and ammonium acetate in methanol (10mM). Quantitation
was done using Analyst software (AB SCIEX).
2.2.7 Modeling
Desorption data were modeled with a dual rate exponential model using Origin 9.1 Pro
(OriginLab). This model allows for the division of the mass of chemical in the solid phase





−kf t + Fse
−kst + y0 (2.1)
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where Mt is the analyte mass remaining in the solid phase at time t (day), M0 is the
initial mass of analyte in the solid phase, Ff is the fraction of analyte in the fast desorbing
compartment, Fs is the fraction in the slow desorbing compartment, and kf and ks (day
-1)
are the rate constants associated with the fast and slow fractions. Fs is defined as equal
to 1 − Ff . y0 represents an immobile fraction only recovered at the end of the experiment
with a methanolic extraction. A kinetic model was chosen because it has been observed that
equilibrium models will often over predict the quantity of PFAAs which will leach from field
contaminated samples (Lee et al., 2002; Sepulvado et al., 2011).
2.3 Results and Discussion
The following section presents the results of the analyses detailed above, as well as dis-
cussing potential causes of observed desorption behavior.
2.3.1 Analysis of Fresh Soils and Aquifer Solids
At the time soil and aquifer solid samples were prepared for desorption experiments, three
aliquots of each material were reserved for analysis without exposure to water (i.e. analyzed
“fresh”). These fresh materials were extracted and the precursor oxidation assay was applied
to the extracts to confirm that PFAA precursors were present in the solids samples and
being successfully converted by the assay. Figure 2.1 shows PFAA concentrations in the
soils and aquifer solids with and without oxidative conversion of precursors. The six samples
show differing levels of PFCA production and all show little to no significant production or
destruction of PFSAs, confirming results of previous work (Houtz & Sedlak, 2012).
2.3.2 PFAA Desorption
To quantify the precursors present in samples, the measured PFAA masses before oxida-
tion were subtracted from measured masses after oxidation. The differences between these
measured values are referenced using a 4 (e.g. 4PFOA = PFOA after oxidation - PFOA
before oxidation). PFAA masses desorbed from solids during batch experiments were calcu-
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Figure 2.1: PFAA concentrations in fresh soils and aquifer solids before and after application
of the precursor oxidation assay. Error bars are the standard deviation of experimental
triplicate samples.
lated based on measured aqueous phase concentrations for each day of the experiment. An
example of cumulative mass desorbed of a single analyte (PFOA) from a single solid is given
in Figure 2.2. These data show that most of the PFOA present in the solid desorbs within
the first two days of the experiment, but that precursors to PFOA (4PFOA) desorb over
a longer period of time; measurable mass continued to desorb daily for the duration of the
experiment. This indicates that desorption of PFOA precursors is a slower process than the
desorption of PFOA itself.
The total mass desorbed can be compared to masses extracted from the fresh soils and
aquifer solids that were not exposed to desorption experiments. In some cases, the mass
balance between these measurements was poor, especially for 4PFCAs. Both over-recovery
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Figure 2.2: Example of the cumulative desorption of PFOA and PFOA precursors (4PFOA)
as well as their sum. Error bars are the standard deviation of triplicate samples.
and under-recovery was observed. A comparison of these results is given in Appendix A,
Table A.2 and Table A.3. One possible explanation for poor mass balance is that the
oxidation of the same set of precursors in samples of AGW versus extracts might have
produced different sets of PFCAs, and as a result, some compounds will appear to be over
recovered while others will be under recovered. Mass balance was also poor for unoxidized
PFHxA in several samples; this issue is addressed in more detail below.
2.3.3 Modeling
Modeling results for unoxidized PFAAs in are presented in Table 2.2; modeling results
for 4PFAAs are presented in Table 2.3 (Samples A, B, and C) and Table 2.4 (Samples
D, E, and F). In many cases there were insufficient data to model with both slow and
fast compartments; the software used to fit the data (Origin 9.1 Pro, OriginLab) could
not converge on a fit without reducing the number of fitting parameters. Compounds that
desorbed quickly, and thus only had data points early in the experiment, were modeled with
only a single compartment (Ff = 1, Fs = 0). These fast desorbing compounds included all the
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PFAAs before oxidation (see Table 2.2). For the more slowly desorbing precursor compounds,
a two compartment model often provided a better fit of the data; two compartment model
fits had smaller root mean square error (RMSE) values than one compartment model fits
in all instances where the software was able to converge on a fit using two compartments
(Appendix, Table A.4).
Table 2.2: Summary of desorbed masses and fitting parameters (Equation 2.1), PFAAs.
Values of fitting parameters are not reported where there were insufficient data for fitting.
Standard errors of fitting parameters are values produced by the fitting software (Origin 9.1
Pro, OriginLab).
Sample A Sample B Sample C
Mass Mass Mass
Analyte Desorbed, ng kf (day
-1) Desorbed, ng kf (day
-1) Desorbed, ng kf (day
-1)
PFBA 8.06±3.84 - 440±7.51 4.08±0.01 3.68±0.18 3.23±0.64
PFPeA 3.59±1.49 - 1340±51.1 4.53±0.01 11.1±0.73 2.87±0.12
PFHxA 23.3±1.27 0.16±0.01 2770±61.3 3.51±0.15 36.1±1.00 0.22±0.03
PFHpA 2.09±0.04 - 256±16.5 3.99±0.01 6.08±0.03 3.35±0.22
PFOA 8.46±0.22 2.10±0.04 2210±147 - 20.4±0.90 2.50±0.02
PFNA 5.76±0.21 1.28±0.02 17.0±1.15 - 7.79±0.25 2.18±0.02
PFDA 5.46±0.19 0.60±0.03 6.39±0.53 - 0.33±0.03 1.24±0.06
PFBS 1.35±0.50 - 1290±59.2 - 1.63±0.01 -
PFHxS 16.7±1.30 2.01±0.09 10100±475 3.61±0.01 60.6±1.70 2.54±0.01
PFOS 299±7.41 0.54±0.01 21300±1120 2.13±0.06 272±4.39 1.52±0.01
Sample D Sample E Sample F
Mass Mass Mass
Analyte Desorbed, ng kf (day
-1) Desorbed, ng kf (day
-1) Desorbed, ng kf (day
-1)
PFBA 49.2±1.17 2.67±0.08 5.98±0.20 2.60±0.02 0.679±0.020 -
PFPeA 131±3.45 2.77±0.02 30.0±1.81 - 1.43±0.21 -
PFHxA 378±18.9 2.65±0.03 86.0±4.13 2.12±0.24 7.76±0.20 0.26±0.02
PFHpA 47.9±4.36 2.89±0.02 15.4±1.20 2.77±0.02 0.650±0.010 -
PFOA 494±26.5 2.71±0.02 150±4.51 2.78±0.01 3.70±0.11 0.98±0.04
PFNA 3.11±0.15 - 2.00±0.10 - - -
PFDA 1.24±0.12 - - - - -
PFBS 114±4.11 2.96±0.02 8.56±3.52 3.24±0.42 0.383±0.01 -
PFHxS 925±41.6 2.64±0.02 319±11.2 2.55±0.05 4.88±0.26 1.76±0.09
PFOS 2090±39.2 1.87±0.01 308±16.1 2.21±0.01 93.6±1.29 0.27±0.02
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Table 2.3: Summary of desorbed masses and fitting parameters (Equation 2.1), 4PFAAs,
Samples A - C. Values of fitting parameters are not reported where there were insufficient
data for fitting. Standard errors of fitting parameters are values produced by the fitting
software (Origin 9.1 Pro, OriginLab).
Sample A
Mass
Analyte Desorbed, ng Ff kf (day
-1) Fs ks (day
-1)
∆PFBA 22.0±4.8 1 0.18±0.01 - -
∆PFPeA 12.3±2.27 1 0.75±0.02 - -
∆PFHxA 92.2±1.62 0.27±0.04 0.75±0.08 0.73±0.04 0.21±0.01
∆PFHpA 19.7±0.65 0.04±0.06 1.35±2.48 0.96±0.05 0.23±0.02
∆PFOA 56.6±1.79 0.07±0.05 1.29±1.08 0.92±0.04 0.22±0.01
∆PFNA 1.40±0.35 1 0.24±0.04 - -
∆PFDA 0.973±0.35 1 0.19±0.07 - -
Sample B
Mass
Desorbed, ng Ff kf (day
-1) Fs ks (day
-1)
∆PFBA 1940±105 1 2.40±0.09 - -
∆PFPeA 3040±232 1 2.71±0.02 - -
∆PFHxA 10500±493 0.96±0.01 2.67±0.06 0.04±0.00 0.17±0.06
∆PFHpA 897±36.1 0.90±0.04 2.40±0.16 0.09±0.04 0.51±0.15
∆PFOA 1660±260 1 1.85±0.04 - -
∆PFNA 32.3±7.50 1 2.09±0.07 - -
∆PFDA - - - - -
Sample C
Mass
Desorbed, ng Ff kf (day
-1) Fs ks (day
-1)
∆PFBA 17.5±2.20 1 0.17±0.02 - -
∆PFPeA 8.31±1.43 0.81±0.19 2.35±1.03 0.18±0.17 0.38±0.35
∆PFHxA 47.4±2.73 0.86±0.06 2.48±0.34 0.14±0.05 0.41±0.15
∆PFHpA 3.34±0.40 0.50±0.35 2.14±2.65 0.45±0.32 0.34±0.25
∆PFOA 5.71±0.97 0.89±0.15 1.66±0.37 0.08±0.13 0.31±0.52
∆PFNA 0.37±0.33 0.51±0.46 1.55±2.11 0.35±0.36 0.22±0.41
∆PFDA 0.166±0.05 1 1.70±0.12 - -
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Table 2.4: Summary of desorbed masses and fitting parameters (Equation 2.1), 4PFAAs,
Samples D - F. Values of fitting parameters are not reported where there were insufficient
data for fitting. Standard errors of fitting parameters are values produced by the fitting
software (Origin 9.1 Pro, OriginLab).
Sample D
Mass
Analyte Desorbed, ng Ff kf (day
-1) Fs ks (day
-1)
∆PFBA 207±9.15 1 1.83±0.08
∆PFPeA 429±29.9 0.85±0.02 2.25±0.06 0.14±0.02 0.58±0.05
∆PFHxA 1820±70.5 0.91±0.01 1.61±0.02 0.10±0.01 0.15±0.02
∆PFHpA 129±8.14 0.84±0.01 1.58±0.08 0.16±0.01 0.13±0.06
∆PFOA 543±49.6 0.57±0.01 2.27±0.08 0.43±0.01 0.25±0.01




Desorbed, ng Ff kf (day
-1) Fs ks (day
-1)
∆PFBA 30.4±1.11 0.63±0.05 1.99±0.32 0.37±0.02 0.16±0.04
∆PFPeA 78.0±3.85 1 2.32±0.03
∆PFHxA 1020±13.4 0.81±0.02 3.17±0.22 0.19±0.02 0.49±0.04
∆PFHpA 16.0±1.26 1 2.47±0.03





Desorbed, ng Ff kf (day
-1) Fs ks (day
-1)
∆PFBA 13.6±0.08 1 0.33±0.02 - -
∆PFPeA 4.18±0.32 1 1.19±0.04 - -
∆PFHxA 24.8±0.34 1 0.95±0.14 - -
∆PFHpA 0.51±0.05 - - - -
∆PFOA 0.45±0.26 1 1.26±0.16 - -
∆PFNA - - - - -
∆PFDA 2.05±0.38 - - - -
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Comparisons of desorption data and model fits between the solid samples are shown in
Figure 2.3. Again, rapid desorption of PFAAs is observed (Figure 2.3A), although Samples
A and F do show significantly slower desorption of PFOS than Samples B, C, D, and E.
Desorption rates of PFOA and PFHxS are similar between all six samples, but Samples A
and F show a greater fraction of each analyte retained in the solid phase for the duration
of the experiment. In Figure 2.3B, select 4PFCA desorption data are plotted along with
model fits. These data show greater variability between samples, and, as with PFAAs without
oxidation, the slowest desorption appears to be in Sample A. Greater variability between the
different samples in 4PFAA data implies that it may be more difficult to make predictions
about PFAA precursor desorption rates than about the desorption of PFAAs themselves.
Figure 2.3: Example desorption data with corresponding model fits (r2 > 0.99) plotted
as solid lines. Mt/M0 is the ratio of mass remaining in the solid phase to the total mass
recovered. Error bars are standard deviations of experimental triplicates.
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Modeled desorption rate constants are summarized in Figure 2.4. As discussed above, the
two compartment model was only useful with the 4PFCA data due their slower desorption
as compared to samples before oxidation. Of note are the generally lower k values for
many 4PFCAs as compared to the PFCAs, average kf values are 1.65 day-1 and 2.27 day-1,
respectively. Based on previous work, one would expect these data to show a perfluoroalkyl
chain length dependence with longer chain compounds having slower desorption behavior
(Sepulvado et al., 2011; Washington et al., 2010). The PFCA and PFSA data in Figure 4
(Panels A and C) generally support this expectation, with generally slower desorption of the
longer PFAAs. The apparent absence of trends with perfluorinated carbon chain length in
the 4PFCA data (Panel B) is not surprising, as the size of the precursor compounds does
not necessarily correlate directly with the chain length of PFCAs produced upon oxidation
because the oxidation process can shorten (but not lengthen) a compound’s perfluorinated
carbon chain length (Houtz & Sedlak, 2012). When the 4PFCA data were fit better with
a two compartment model, the rate constant of the slow fraction (ks) was consistently 3 to
15 times smaller than the rate constant of the fast fraction (kf ). Error bars were omitted
from Figure 2.4 to improve data visibility; all standard errors as generated by Origin 9.1
are reported in Table 2.2, Table 2.3, and Table 2.4. Standard errors were typically between
1% and 10% of reported desorption constants, indicating that the variability observed in
Figure 2.4 is noteworthy.
Table 2.2 and Figure 2.4 show that for 3 samples, Sample A, Sample C, and Sample
F, desorption of PFHxA was anomalously slow. Additionally, the desorption experiments
greatly over-recovered PFHxA as compared to the PFHxA mass measured in the samples
initially (Table A.2). The reason for this behavior is unknown but a potential cause is that
precursor compounds may have been converted into PFHxA at some stage of the experiment
even when the TOP assay was not applied to the samples. Thus, what appeared to be slowly
desorbing PFHxA may in fact have been some slowly desorbing precursor compound which
was converted into PFHxA after desorption. Biotic transformation of precursors into PFHxA
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Figure 2.4: Summary of desorption rate constants. Standard error values reported in Ta-
ble 2.2, Table 2.3, and Table 2.4. Larger rate constants correspond to faster desorption.
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has been observed in other studies (Wang et al., 2011) but it is assumed that the addition
of sodium azide suppressed any significant microbial activity, therefore any transformations
would likely be abiotic. Photolysis of precursor compounds into PFHxA has been observed
with long (>100 day) exposure to sunlight (Taniyasu et al., 2013), and indirect photolysis
has been shown to convert precursors into PFOA (Nguyen et al., 2013; Plumlee et al., 2009).
It is unknown if a similar process is occurring in these experiments.
To the best of our knowledge, we are the first to report desorption rate constants for
PFAAs and PFAA precursors, though desorption data have been measured for other organic
contaminants, primarily chlorinated benzenes, polycyclic aromatic hydrocarbons (PAHs) and
polychlorinated biphenyls (PCBs) (Barnier et al., 2014; Chai et al., 2006; Cornelissen et al.,
1997a,b; Johnson et al., 2001; Lee et al., 2002; Oh et al., 2013). For example, desorption
rate constants (kf and ks) for the PAH phenanthrene were found to vary over multiple
orders of magnitude: kf values ranged from 0.0289 to 18.7 (day
-1) (Barnier et al., 2014;
Johnson et al., 2001), ks values ranged from 0.000896 to 0.148 (day
-1) (Johnson et al.,
2001). These studies used Tenax R© resin beads to keep the aqueous phase contaminant
free so comparisons to results from this study are not perfect. Results for other organic
contaminants were comparable to those of phenanthrene (Barnier et al., 2014; Cornelissen
et al., 1997b; Lee et al., 2002; Oh et al., 2013). The kf and ks values measured in this study,
while not anomalously high, are generally higher than for traditional hydrophobic organic
contaminants.
Because of the uncertainty about the exact chemical structures of the compounds con-
tributing to the apparent PFAA precursor desorption kinetics, any explanation of their slower
desorption rates is speculation. One likely explanation is that PFAA precursors are typically
larger than PFAAs of the same perfluorinated carbon chain length (Houtz & Sedlak, 2012;
Place & Field, 2012); PFCAs and PFSAs, which have only a carboxylate or sulfonate group,
respectively, at the end of the perfluorinated carbon chain, are small relative to many other
AFFF components. Potential precursor compounds measured in AFFF can have consider-
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ably larger structures attached to the perfluorinated carbon chain such as nonfluorinated
alkanes, alcohols, ketones, sulfones, phosphates, amines, and others (Backe et al., 2013;
Houtz & Sedlak, 2012; Place & Field, 2012). Increasing the size of a molecule will generally
render it more hydrophobic and thus more likely to have a higher affinity for the solid phase
in the sediment (Schwarzenbach et al., 2003). This effect may be important in explaining the
behavior of PFAA precursors, but it is difficult to say definitively because the relationships
derived between molecule size and partitioning behavior were developed specifically for neu-
tral compounds (Schwarzenbach et al., 2003). While negative correlations between molecular
volume and ks, and positive correlations between molecular volume and the size of the slow
fraction have been observed, it is only in studies with neutral chlorinated benzenes, PAHs,
and PCBs (Cornelissen et al., 1998, 1997b). These studies suggest that the increased size
of PFAA precursors as compared to PFAAs will slow desorption, but the effect of charged
functional groups is an added complication
The charged functional groups on precursor compounds may also play a role in control-
ling the sorption of PFAA precursors, particularly in regards to sorption on natural organic
matter (NOM) and clay minerals. NOM and clay minerals are both sources of negatively
charged surfaces at environmental pH and this can have a strong effect on sorption of charged
contaminants (Barnier et al., 2014; Evangelou, 1998; Tülp et al., 2009). PFCAs and PF-
SAs are all negatively charged in the environment but some precursor compounds contain
amine groups which are cations at environmental pH. Electrostatic attraction between or-
ganic matter or mineral surfaces and cationic functional groups on precursor compounds
could significantly increase the affinity of these compounds to sorb to sediments (Lee et al.,
1997; Nielsen et al., 1997; Zachara et al., 1986). Unfortunately this explanation has a num-
ber of possible complications: not all precursors found in AFFF formulations have cationic
functional groups (Place & Field, 2012); the electrostatic attraction will be highly depen-
dent on pH (Lee et al., 1997; Nielsen et al., 1997); and inorganic cations in the aqueous
phase might compete with PFAA precursors for limited sorption sites (Schwarzenbach et al.,
23
2003). In particular precursor sorption to clay and organic carbon may be influenced by
the high sodium concentrations in the AGW ([Na+]≈440 mg/L); Na+ could be competing
with cationic precursors for the cation exchange sites of organic matter and clay minerals.
Desorption experiments in which biological activity is suppressed by some means other than
sodium azide would be useful to determine if high sodium concentrations are important.
kf values fitted to 4PFPeA and 4PFOA data are plotted in Figure 2.5 against both
TOC and the percent increase in sample weight values given in Table 2.1 to show the ef-
fects of organic carbon and clay content (for which percent increase in sample weight is a
qualitative proxy) on desorption rates. ks values were omitted from Figure 2.5 as these were
not calculated for all six samples. It is difficult to discern clear trends from Figure 2.5 but
it is likely that that the slow desorption of Sample F can be attributed to the particularly
high organic carbon content of that sample. In Samples B through E, which all fall within
a narrower range of TOC values (2.97% - 0.48%), there appears to be slight trend of slower
desorption with higher clay content, indicating that sorption to clay minerals may control
PFAA precursor desorption in lower organic carbon soils and sediments. 4PFOA desorption
from Sample D is a clear outlier from this trend. It is important to note that 4PFOA has a
modeled slow desorbing fraction of Fs = 0.43 in Sample D which is the second largest slow
fraction for 4PFOA data after Sample A (Fs = 0.92). Thus the high kf value fails to reflect
a significant quantity of observed slow desorbing behavior. The high Fs (low Ff ) values for
4PFOA in Samples A and D are outliers, as all other kf values presented in Figure 2.5
represent Ff values greater than 0.8.
The slow desorption behavior observed in Sample A is difficult to explain as neither its
TOC nor percent increase in sample weight are particularly high as compared to Samples
B through E. Some other soil characteristic may be controlling desorption from Sample A;
possibly the suite of clay minerals present is different as compared to the other samples from
Ellsworth AFB, or the PFAA precursors present may differ structurally from those present
in other samples. Determining the specific cause of slower desorption from Sample A will
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Figure 2.5: kf values of fits to 4PFPeA (Panel A) and 4PFOA (Panel B) data, plotted
against TOC and percent increase in sample weight (as a proxy for clay content).
require further study.
Metal concentrations in the supernatant after the first 23 hours of the desorption exper-
iments were measured on ICP-AES. Results are reported in Appendix A, Table A.5. No
clear trends between metal concentrations and desorption rates were observed. Metal con-
centrations are likely highest in the aqueous phase after the first day of the experiment (as
compared to days 2 – 14), therefore it is expected that metal concentrations do not control
the desorption rate later in the experiment.
2.4 Implications
A thorough site characterization of the Ellsworth AFB site mapped widespread surface
soil and aquifer solid contamination as well as a large groundwater plume (McGuire, 2013).
Integrating maps of contaminant concentrations using Surfer 11 (GoldenSoftware) allowed
for rough calculations of contaminant mass in the sediment and groundwater plumes (see
Appendix B for details on these calculations). These calculations indicate that large pro-
portions of total PFAA mass are associated with the surface soil and subsurface sediment.
For example approximately 93% of PFOA and >99% of PFOS are associated with the solid
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phases rather than in the groundwater. The rate at which these compounds are mobilized
from the solid phase will dictate whether surface soils will serve as short or long term source
of groundwater contamination.
For all PFAAs and a portion of PFAA precursors the fraction of the compounds calculated
to be in the fast desorbing fraction (Ff ) was one, but approximately half of the precursors
had Ff values less than one. This has significant implications as studies have demonstrated
relationships between Ff and the organic carbon-water partitioning coefficient (Koc). For






that indicated that increasing Fs from 0.1 to 0.5 increased the log (Koc) of a
compound by 1.5 log units. Another study (Chai et al., 2006) was able to accurately predict
Koc (Koc,pred) in sediments where a large proportion of the organic contaminant is in the





From this relationship the PFAA precursors measured in this study can be estimated to have
Koc values 1.04 to 25 times larger than if Ff = 1. Larger Koc values can be related to the
retardation factor (R) by Equation 2.3 (Schwarzenbach et al., 2003):




where ρb is the sediment bulk density, φ is the sediment porosity, and foc is the organic
carbon fraction. R is a measure of a contaminant’s transport relative to groundwater with
larger values corresponding to decreased mobility. It is evident from Equation 2.3 that larger
Koc values will result in larger R values and thus decreased transport, therefore having a
fraction of PFAA precursors in a slow desorbing compartment results in an increase in the
retardation of the compound.
An additional important implication of Ff values less than one is that it reduces the
bioavailable fraction. Studies suggest that only the fast desorbing fraction of a compound
is bioavailable (Barnier et al., 2014; Cornelissen et al., 2001) and that a positive correlation
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exists between the fast desorbing fraction and biota-sediment accumulation factors (BSAFs)
(You et al., 2006). If natural conversion of precursors into PFAAs is primarily biologically
mediated, these studies indicate that slow desorbing fractions of precursors may remain
untransformed in the environment.
The calculated parameters kf and ks vary widely in value between published studies so
they are most useful when comparing different compounds in the same soils. To this end,
this study has shown that PFAA precursor desorption usually shows slower kinetics than
PFAAs, which will result in lower mobility. Comparisons between the kinetic parameters
calculated herein and published values for other organic contaminants should be viewed
skeptically due to the large variations between studies. However, the finding that kf and ks
values for PFAAs and PFAA precursors are high in the range of previously reported values
suggests that these compounds are relatively mobile in the environment, and despite their
slower desorption (as compared to PFAAs), PFAA precursor mobility needs to be considered




This chapter includes conclusions regarding the work done, and recommendations for
future research.
3.1 Conclusions
The precursor oxidation assay developed by Houtz & Sedlak (2012) proved to be an ef-
fective tool for monitoring the desorption of PFAA precursor compounds from contaminated
soil and aquifer solids into water. 14 day experiments were run to measure the desorption of
PFAAs and PFAA precursor compounds from field contaminated sediments and the results
were modeled using a kinetic model. All PFAA desorption data could be modeled with a
single fast desorbing compartment while many PFAA precursors required fitting with an
additional, more slowly desorbing compartment containing up to 96% of precursor mass.
The fit desorption rate constant in the slower compartment was 3 to 15 times smaller than
in the fast desorbing compartment. The slower desorption of PFAA precursors compared to
PFAAs possibly can be attributed to their larger size or the presence of cationic functional
groups on some of the compounds. Efforts to explain slow PFAA precursor desorption as re-
sulting from enhanced sorption to natural organic matter or clay minerals were inconclusive.
Both PFAAs and PFAA precursors showed fast desorption kinetics compared to literature
values for PAHs and PCBs, indicating that the mobility of AFFF derived fluorochemicals is
a concern.
3.2 Recommendations for Future Research
PFAA precursor desorption studies should be conducted on a wider range of sediments
from Ellsworth AFB and other AFFF contaminated sites. Coupled with more complete
characterizations (e.g. texture, specific clay composition, time since last AFFF exposure,
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etc.) of studied sediments, further desorption experiments will provide a better understand-
ing of what controls PFAA precursor desorption. Additionally, a partial characterization of
PFAA precursors present in samples may provide insight into differences in desorption rates;
it is possible that structural differences between PFAA precursors can explain some of the
observed variability in desorption between sediments.
Column experiments would be useful for directly measuring precursor transport parame-
ters such as retardation factors. However, if column experiments are conducted with initially
clean sediments there is a question of what compounds to use in the column influent. Sim-
ply diluting AFFF would provide PFAA precursors but not natural transformation products
that may be abundant in field contaminated sediments (Dasu et al., 2012; Dinglasan et al.,
2004; Plumlee et al., 2009; Rhoads et al., 2008; Wang et al., 2009). Perhaps with better char-
acterization of naturally occurring transformations experiments using columns will become
more practical.
PFAA precursor contamination often occurs in close proximity to burn pits used for fire
training and as a result uncombusted hydrocarbons are potential co-contaminants (Guelfo,
2013; McGuire, 2013). These co-contaminants may have an impact of precursor mobility, an
effect which would benefit from further study.
Finally, relationships between precursor desorption parameters and bioavailabilty were
suggested in this study and future research could be done to confirm this. Measuring pre-
cursor accumulation in earthworms exposed to AFFF contaminated soil would be a simple
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APPENDIX A - SUPPLEMENTAL TABLES AND FIGURES
This appendix contains supplementary data tables and figures.
A.1 Ellsworth Air Force Base Site Map
A site map of Ellsworth AFB adapted from McGuire et al. (2014) is given in Figure A.1.
Surface sample locations (A, B, and C) are indicated with red circles. Aquifer solid sample
locations (D and E) are indicated with yellow circles. The fire protection training area burn
pit is indicated in green. A benzene plume is indicated by the white dashed lines. Yellow
triangles denote oxygen infusion wells.
Figure A.1: Ellsworth AFB Site Map. Adapted from McGuire et al. (2014)
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A.2 Artificial Groundwater Composition
The composition of artificial groundwater (AGW) used in this experiment is given in
Table A.1.







HCl To pH 6.5
A.3 Mass Balance Summary
Mass balances for PFAAs before oxidation are reported in Table A.2, mass balances
for 4PFAAs are reported in Table A.3. These values compare the total mass of analyte
measured in desorption experiments to the mass extracted from fresh soils.
Table A.2: PFAA Mass Balance Summary: Cumulative Mass Desorbed/Mass Extracted
PFAA Before Oxidation
Sample PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFBS PFHxS PFOS
A 95.5% 91.3% 657% 111% 104% 139% 115% 120% 105% 137%
B 91.4% 94.2% 94.6% 85.7% 86.4% 105% 94.8% 76.1% 90.6% 85.6%
C 100% 97.2% 375% 106% 126% 128% 97.3% 128% 97.3% 84.5%
D 114% 126% 112% 95% 90% 86% 80% 61% 97% 99%
E 110% 101% 117% 87% 90% 90% -a 68% 91% 87%
F 85% 136% 4135% 93% 87% -a -a 108% 90% 96%
aSome values excluded due to minimal PFAA measurement.
A.4 Root Mean Square Errors of Fits
Table A.4 reports the root mean square errors (RMSE) of one compartment and two
compartment model fits.
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Table A.3: 4PFAA Mass Balance Summary: Cumulative Mass Desorbed/Mass Extracted
∆PFAA
Sample 4PFBA 4PFPeA 4PFHxA 4PFHpA 4PFOA 4PFNA 4PFDA
A 217% 61.6% 103% 115% 57.5% 32.4% 31.7%
B 143% 132% 218% 154% 291% 115% -a
C 1160% 325% 1300% -a 277% -a -a
D 106% 120% 94% 110% 166% 57% 13%
E 181% 235% 119% 118% 100% 37% -a
F 646% 115% 399% 24% 43% -a 1706%
aSome values excluded due to minimal PFAA measurement.
Table A.4: RMSE of Model Fits
Sample, Analyte 2 Compartment 1 Compartment
A, 4PFHxA 3.93E-03 2.10E-02
A, 4PFHpA 1.61E-02 1.73E-02
A, 4PFOA 1.18E-02 1.79E-02
B, 4PFHxA 3.39E-03 7.06E-03
B, 4PFHpA 5.51E-03 8.68E-03
C, 4PFPeA 4.55E-02 4.87E-02
C, 4PFHxA 1.32E-02 1.85E-02
C, 4PFHpA 9.03E-02 9.67E-02
C, 4PFOA 3.33E-02 3.45E-02
C, 4PFNA 1.50E-01 1.56E-01
D, 4PFPeA 7.54E-06 1.31E-03
D, 4PFHxA 3.85E-05 2.12E-03
D, 4PFHpA 3.30E-03 4.36E-03
D, 4PFOA 5.43E-05 6.11E-03
E, 4PFBA 1.67E-05 9.31E-04
E, 4PFHxA 1.24E-04 7.99E-03
F, 4PFHxA 1.34E-05 1.17E-03
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A.5 Metal Concentrationse
Metal concentrations (mol/L) in supernatant after first day of desorption, measured via
ICP-AES, are reported in Table A.5.
Table A.5: Metal concentrations (mol/L) in supernatant after first day of desorption. Some
measurements were below detection limit (BDL)
Metal Concentrations (mol/L)
Metal Sample A Sample B Sample C Sample D Sample E Sample F
Al 2.14E-06 3.22E-06 1.68E-06 4.29E-06 1.08E-06 3.24E-06
As BDL BDL BDL BDL BDL 7.77E-08
B 1.44E-05 6.84E-06 1.57E-05 9.74E-06 1.80E-06 BDL
Ca 9.86E-04 3.59E-04 1.37E-03 8.60E-04 8.66E-04 4.60E-04
Cd BDL BDL BDL BDL BDL BDL
Co BDL 2.06E-09 BDL BDL BDL BDL
Cu 9.46E-08 BDL BDL 1.15E-07 BDL BDL
Fe 1.65E-06 2.03E-06 1.12E-06 5.07E-06 6.78E-07 1.55E-06
K 2.89E-04 8.76E-05 6.12E-05 1.23E-04 2.74E-05 4.56E-05
Li 1.29E-06 9.02E-07 2.84E-06 2.16E-06 7.69E-07 2.80E-07
Mg 6.03E-04 2.54E-04 1.03E-03 6.29E-04 2.43E-04 1.03E-04
Mn 1.76E-06 BDL BDL 1.67E-06 BDL BDL
Na 1.53E-02 1.72E-02 1.60E-02 1.66E-02 1.66E-02 1.70E-02
Ni 8.43E-08 5.52E-08 2.29E-08 8.67E-08 5.35E-08 1.46E-07
P 5.17E-06 9.92E-07 8.97E-07 1.10E-06 9.36E-07 8.22E-07
Pb BDL 2.53E-09 BDL BDL BDL 1.78E-07
S 1.27E-03 1.34E-03 2.47E-03 1.61E-03 1.39E-03 1.43E-03
Se BDL BDL BDL BDL BDL BDL
Si 9.74E-05 1.63E-05 6.61E-05 4.91E-05 5.33E-05 9.34E-05
Sr 6.87E-06 2.82E-06 8.54E-06 6.94E-06 2.20E-06 7.59E-07
Zn 1.94E-07 1.11E-07 2.13E-07 1.80E-07 1.70E-07 1.67E-07
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APPENDIX B - ELLSWORTH AFB MASS DISTRIBUTION
To approximate the PFAAmass associated with solid and groundwater phases at Ellsworth
AFB, a number of assumptions were made about site characteristics based on sampling at
the site (McGuire, 2013). Soil/sediment was split into three layers, surface soil (0.6 m thick),
subsurface soil (5.0 m thick), and aquifer solids (3.0 m thick). Aquifer solids were assumed
to be saturated and the water table was set at the aquifer solids/subsurface soil boundary.
Soil class at the site was clay/clay loam so sediment and soil was assumed to have a dry bulk
density of 1500 kg/m3, aquifer solids were assumed to have a porosity of 0.4. PFAA contam-
ination has been measured in surface soil, aquifer solids, and groundwater (McGuire, 2013)
and concentrations in the subsurface soil were calculated as the mean of the surface soil and
aquifer solids concentrations. Maps of PFAA concentrations were converted to 3D wireframe
plots and integrated using Surfer 11 (GoldenSoftware). From these integration results and
the assumed site properties listed above the total mass of PFAAs in each compartment could
be calculated. The results of these calculations are given in Table B.1.
Table B.1: Distribution of Contaminant Mass at Ellsworth AFB by Compartment
Contaminant Surface Soil Subsurface Soil Aquifer Solids Groundwater
PFBA 8% 59% 20% 13%
PFPeA 9% 58% 20% 12%
PFHxA 6% 52% 32% 10%
PFHpA 5% 50% 34% 11%
PFOA 9% 59% 23% 8%
PFBS 8% 58% 22% 12%
PFHxS 9% 59% 26% 6%
PFOS 14% 73% 13% 0%
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